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ABSTRACT 

We present far- ultraviolet (905 - 1182 A), time-series spectroscopy of the eclipsing, novalike cataclysmic 
variable, UX UMa, acquired with FUSE. The time-averaged spectrum is complex and is dominated by 
overlapping spectral features. The most prominent features are emission lines of C III, N III, N IV, and 
O VI. They are broad (FWHM > 1800 km s^^) and double-peaked with a central absorption at zero 
velocity. During eclipse, the spectrum is simpler: the emission lines remain bright, but the absorption 
components of the lines and the weaker features between the emission lines disappear entirely, leaving a 
flat continuum. This behavior is also evident in GHRS (1149 - 1660 A) spectra that we retrieved from 
the HST archive. The FUV spectra show flickering on time scales of several minutes. The flickering is 
seen primarily in the continuum and/or the weaker lines rather than in the prominent emission lines. The 
orbital light curve has a dip in the FUV flux between orbital phases 0.45 - 0.65, similar to a pre-eclipse 
dip detected in HST observations. The EWs of the line absorption features decrease during the dip. We 
have detected a systematic wavelength shift of spectral features on the orbital period, but with a phase 
lag of ~ 20°, a phenomenon that has been reported at optical wavelengths. We discuss the implications 
of our results in the context of models of an accretion disk with a chromosphere between the disk and 
the extended wind. Finally, we note that the observed FUV flux is too low to be consistent with the 
temperature and radius of the WD derived by Baptista et al. (1995), suggesting that their remaining 
binary parameters, including a mass ratio of 1, ought to be viewed with skepticism. 

Subject headings: accretion, accretion disks — binaries: close — novae, cataclysmic variables — stars: 
individual (UX UMa) — ultraviolet: stars 



1. INTRODUCTION 

Cataclysmic variables (CVs) are interacting binary sys- 
tems in which a late-type donor star overflows its Roche 
lobe and transfers mass to a white dwarf (WD). In the 
non-magnetic CVs, mass is accreted through a disk around 
the WD. Novalikes (NLs) are the non-eruptive class of 
CVs; that is, they do not show dwarf novae outbursts. 
They are believed to have high mass-transfer rates, which 
keeps their disks in a permanent outburst state. The ac- 
cretion disks in NLs are typically well described by opti- 
cally thick, steady-state disk models with accretion rates 
M = 10-9 - 10-8 Mq yr-i (e.g.. Home 1993). Because 
their underlying accretion behavior is fairly well under- 
stood, novalike CVs are excellent laboratories to study the 
more complicated processes associated with disk accretion. 

Whether in the form of coUimated jets or winds, 
outflows are closely linked to the disk accretion pro- 
cess. Wind signatures — broad, blueshifted absorp- 
tion and/or P Cygni profiles in resonance lines such as 
C IV AA1548,1552 A, Si IV AA1393,1402 A, and N V 
AA1232,1238 A — are seen in most high accretion rate, 
disk-fed CVs, including dwarf novae in outburst and nova- 
likes (e.g., Heap et al. 1978; Holm, Panek & Schiffer 1982; 



Cordova & Mason 1982). Typical terminal velocities in the 
wind lines range from 3000 - 5000 km s-^, near the escape 
velocity of the primary (Cordova & Mason 1982). In eclips- 
ing systems, the resonance lines — seen in emission — are 
only partially eclipsed or completely unocculted, indicat- 
ing that the winds are vertically extended (e.g., Mauche 
et al. 1994). 

Much of the phenomenology of disk accretion and out- 
flow in CVs has been revealed by study of the novalike CV, 
UX UMa. UX UMa has an orbital period of 4.72 hr and 
is eclipsing (it is, in fact, the brightest eclipsing NL). The 
binary parameters for UX UMa are typically taken from 
Baptista et al. (1995), and are based on their identification 
of WD eclipse features in the UV light curve, a standard 
mass-radius relation, and previously published limits on 
the Ki amplitude of the WD (Shaffer 1984). Baptista et 
al. (1995) obtained an inclination of 71° and, surprisingly, 
a mass ratio q = M2/MWD = 1- They also determined a 
WD flux and a temperature — 52,000 K, or 70,000 K if 
the lower half of the WD is obscured by the disk — that 
would indicate a strong WD contribution in the FUV. 

Knigge & Drew (1997) modeled the profile changes in 
the C IV AA1548,1552 A doublet of UX UMa through 
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eclipse. They showed that modehng the Une with a bicon- 
ical disk wind model provides a good fit to the line profile 
in and out of eclipse. The C IV line has narrow absorption 
reversals, or dips, that disappear at mid-eclipse. Knigge 
& Drew (1997) showed that the orbital behavior of the 
dips could be explained by the presence of a slow, dense 
transition region (between the disk and the fast, extended 
wind) that is occulted during eclipse. This transition re- 
gion, or disk chromosphere, may correspond to the chaotic, 
slowly-outflowing wind regions that have appeared in some 
radiative transfer models of CV disk winds (Proga, Stone 
& Drew 1998, 1999). 

The structure and behavior of winds and chromospheres 
in UX UMa and other high state CVs is closely tied to un- 
resolved questions concerning the structure of the under- 
lying accretion disk. Knigge et al. (1998) modeled optical 
and UV spectra of UX UMa and found that steady-state 
accretion disk models provided poor fits to the shape of the 
continuum at blue wavelengths and at the Balmer jump 
(see also Baptista et al. 1998). The discrepancy between 
disk models and the observed spectrum is ameliorated if 
significant amounts of optically thin continuum emission 
are present in the system. An accretion disk chromosphere 
is a plausible, though currently ad hoc, source of such emis- 
sion. Other possibilities have been suggested to resolve the 
mismatch between disk models and the observed spectrum 
in UX UMa and other NLs, such as a disruption of the in- 
ner accretion disk that removes the bluest emitting regions 
(Long et al. 1994). 

To date, virtually all knowledge of the properties of 
the wind in UX UMa and its relationship with the ac- 
cretion disk are based on observation and modeling of the 
C IV doublet. This is not ideal, since we do not know 
whether the behavior of C IV is representative of other 
wind-dominated lines. The strength and profile of C IV 
has been observed to change over a single orbit and over 
longer timescales (Mason et al. 1995). This variability 
may be due to asymmetries in the wind which cause or- 
bital variations and/or to secular fiuctuations in the mass 
loss rate; alternatively, it may indicate that there are com- 
ponents of the C IV line that do not originate in the wind 
at all. 

There is a wealth of further information that can be 
gathered by extending high spectral and time resolution 
observations of UX UMa to shorter wavelengths. The FUV 
is an excellent window in which to probe the structure of 
disks and winds in CVs. For typical maximum temper- 
atures in high state accretion disks (T ~ 30,000 K), the 
disk SED peaks in the FUV, so the FUV spectrum is a 
sensitive tracer of changes in the temperature and struc- 
ture of the innermost regions of the disk. The FUV is 
also richly populated with spectral lines of a variety of el- 
ements and ionization states which, in principle, can be 
used to determine the thermal and ionization structure of 
the wind. 

Consequently, we have pursued FUV spectroscopy of 
UX UMa with the Far Ultraviolet Spectroscopic Explorer 
(FUSE), which covers 905 - 1182 A at spectral resolutions 
(through its large aperture) near 20,000 (Moos et al. 2000). 
We have also examined archival HST UV spectroscopy to 
obtain a broader picture of the UV spectrum in UX UMa. 

^ http://fuse.pha.jhu.edu/support/guide/obsguide.html 



In this manuscript, we present observations (§2) and anal- 
ysis (§3) of the FUV spectrum of UX UMa and discuss 
what the observations reveal about the structure of disks 
and outflows in disk accreting systems (§4). We present 
our conclusions in §5. 

2. OBSERVATIONS AND DATA REDUCTION 

We observed UX UMa with FUSE on 2001 March 23 
- 25. A summary of the observations is given in Ta- 
ble Al. The observations were spread over six binary or- 
bits and covered each orbital phase at least twice. The 
FUSE telescope collects data through four optical chan- 
nels which cover the wavelength range of the instrument 
(905 - 1182 A) with some redundancy. (For a summary of 
the FUSE optical design and its on-orbit performance, see 
Sahnow et al. 2000 or the FUSE Observer's Guided.) The 
four channels were co-aligned during our observations, so 
no correction to the relative wavelength solutions or fluxes 
of the channels was necessary. All of the data were ac- 
quired through the LWRS aperture (30" x 30") in time-tag, 
or photon counting, mode, in which each photon event is 
recorded to an accuracy of 1 s. 

We re-reduced the data using the latest version of the 
CALFUSE pipehne (V. 2.0.5), extracting spectra in 200 s 
intervals. For the orbital period of UX UMa (Baptista et 
al. 1995), this corresponds to an orbital phase resolution 
of 0.012 cycles per spectrimi. We used the 200 s spec- 
tra as our base set of data, which we binned up in time 
and/or spectral resolution for specific tasks. When com- 
bining spectra from the four optical channels, we specified 
a linear dispersion scale for the output spectrum and added 
each input datum to the appropriate output bin, weight- 
ing the bin average by the sensitivity of the input pixels. 
Regions of poor flux calibration, most notably the "worm" 
in channel LiFl, were excluded. 

We also created high time resolution light curves of 
the observations using the raw time-tag photon event 
files. To construct the light curves, we defined rectan- 
gular apertures for each optical channel and summed all 
of the events occurring in each channel each second. In 
defining the apertures, we excluded Lya airglow and the 
"worm" . We also screened photon events using the default 
pulse height limits adopted by the CALFUSE pipeline. 
The detector background, summed over astigmatic spa- 
tial height and dispersion direction (see the FUSE Ob- 
server's Guide), is ~0.5 counts/s/scgment at night and 
^0.8 counts/s/segment during the day. The background is 
not negligible compared to the FUV count rate of UX UMa 
(~ 100 counts/s), particularly during eclipse, so we sub- 
tracted background emission from the counts in each 1 s 
time interval. The background was estimated by defining 
apertures away from the target spectrum of the same size 
as the target apertures and summing the counts therein. 

3. ANALYSIS 

3.1. The Time-Averaged FUV Spectrum 

The time-averaged spectrum of the complete data set is 
shown in Figure 1. The spectrum has been binned to a dis- 
persion of 0.1 A, which is the typical resultant resolution 
for a LWRS spectrum when the channels are combined 
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(see Froning ct al. 2001). The spectrum is dominated by 
strong, broad emission lines from a range of elements and 
ionization levels. The strongest lines are resonance lines 
and low-excitation energy excited state transitions of C III 
A977 A and the C III blend at A1175 A; N III A990 A; the 
N IV blend at A923 A; and O VI AA1032,1038 A. In be- 
tween the strong emission lines, the spectrum is populated 
by a host of weaker spectral features. The line spectrum 
is quite complex, and a comparison of the time-averaged 
spectrum with the spectrum at mid-cclipsc (sec Figure 2) 
shows that many lines overlap and are blended with each 
other. Some of the other lines that can be identified in 
the timc-averaged and/or the mid-eclipse spectrum are 
S VI AA933,944 A; P IV A95I A; S III A1013 A; S IV 
A1063 and A1073 A; He II and/or N II A1085 A; Si III 
AA1108 A,1109 A, and 1113 A: and Si IV AA1122,1128 A. 
There is a rise in flux at the shortest wavelengths, <965 A. 
Some lines that contribute to the increase are identifiable, 
but they do not account for all of the emission observed. 
Excess emission near the Lyman limit is a common feature 
in the FUV spectra of CVs: a similar bump is seen in the 
outburst spectrum of the dwarf nova, WZ Sge, and in the 
quiescent spectrum of SS Cyg (Long et al. 2002, 2002b, in 
preparation). All of these spectra also show FUV lines in 
emission, which suggests that the blue excess is a blend of 
line features, dominated by emission from the upper order 
Lyman series lines. Neutral hydrogen emission is also evi- 
dent in the presence of Ly/3 and Ly7 emission features in 
the spectrum of UX UMa. 

The profiles of the strongest lines in the FUV spectrum 
of UX UMa arc entangled with those of the weaker fea- 
tures, but a rough examination of line shapes can be made. 
The emission lines are broad, with FWHM > 1800 km s~^ 
(where the instrumental resolution is ~ 30 km s~^). They 
have double-peaked profiles with a central absorption re- 
versal at the rest wavelength of each line. The line peaks 
are separated by 1000 - 1500 km s~^ and are roughly 
equidistant from the line center. In the strongest lines 
— N IV A923 A, C III A977 A, N III A990 A, and O VI 
AA1032,1038 A — the red peak is enhanced relative to the 
blue peak. The FWHM of the absorption components of 
the lines are ~600 km s~^. Both members of the O VI 
and S VI doublets are present. We fit the Ly/? and O VI 
doublet blend using the IRAF task "spccfit" and assuming 
Gaussian profiles for all three lines. The equivalent widths 
of the two components of O VI are equal, indicating that 
the lines are optically thick. The FWHM of the O VI 
lines (fixed to a 1:1 ratio) are 3800 km s~^. In contrast to 
O VI, the red component of the S VI doublet appears to 
be weaker than the blue component, suggesting that these 
lines are not fully optically thick. 

Finally, the time-averaged spectrum also shows narrow 
interstellar absorption lines from H I and metal transi- 
tions. Identified interstellar lines and their EWs are given 
in Table A2. We pursued a curve of growth analysis to 
determine the interstellar column density along the line to 
UX UMa, resulting in an estimate of the column density 
of log Nh = 20.3;toJ- The curve of growth analysis is 
presented in Appendix A. 

3.2. Light Curves and Spectra in Eclipse 



The out of eclipse and mid-eclipse spectra of UX UMa 
are compared in Figure 2. Also shown is the difference be- 
tween the two spectra; this is the spectrum of the eclipsed 
light. The out of eclipse spectrum was created by bin- 
ning the time scries 200 sec spectra into 80 phase bins 
(0.0125 cycles orbital phase resolution) and averaging the 
18 bins preceding and following the eclipse (i.e., from or- 
bital phases 0.85 - 0.95 and 0.05 - 0.15). It is quali- 
tatively similar to, but slightly brighter than, the time 
averaged spectrum; see § 3.3 for a discussion of orbital 
variations in the FUV spectrum away from the eclipse. 
The mid-eclipse spectrum is the spectrum of the phase 
bin at the light curve minimum. The mid-eclipse spec- 
trum and the difference spectrum are binned to a resolu- 
tion of 0.6 A. The eclipse spectrum is less complex than 
the out of eclipse spectrum. At mid-eclipse, the FUV 
spectrum is characterized by broad emission lines sepa- 
rated by regions of continuum emission. The average fiux 
of the continuum regions of the mid-eclipse spectrum is 
2.6 X 10~^^ ergs cm~^ s~^ A~^ and the continuum is rel- 
atively constant over the FUV. 

Many of the emission lines present in the out of eclipse 
spectrum remain strong in eclipse, indicating that they 
arise from regions that are largely unocculted. The ex- 
cess emission at wavelengths <955 A is not eclipsed ei- 
ther. Many features that were not readily identifiable in 
the time-averaged spectrum due to line blending can be 
identified at mid-eclipse. Mid-eclipse emission lines in- 
clude transitions of C III, N III, N IV, O VI, Si III, Si IV, 

5 III, and S IV. There is an emission line at A1085 A 
from He II and/or N II and an unidentified feature at 
1143 A. Another emission feature at A951 A may be from 
P IV, although H I A949 A is also present in that region. 
Because of the presence of clean, line-free regions in the 
eclipse spectrum, we were able to measure the parameters 
of most of the emission lines seen at mid-eclipse. The EWs 
and line widths of these lines are given in Table A3. 

A comparison of the out of eclipse and mid-eclipse spec- 
tra indicates that most of the weaker, blended features are 
occulted in eclipse. The difference spcctriim shows that 
the lines are a complex blend of components, predomi- 
nately in absorption. The line absorption can be just as 
strong or stronger than the line emission, so that some 
lines, like the Si IV doublet, can only be identified at mid- 
eclipse, after their absorption components are occulted. 
Along with the weaker features, the absorption reversals 
seen in the profiles of strong lines in the time-averaged 
spectrum are eclipsed. 

We searched for evidence of a rotational component 
in the lines by examining changes in the FUV spectrum 
through the eclipse and comparing the profiles of the 
strong emission lines in the out-of-eclipse and mid-eclipse 
spectra. If the line regions are rotating in Keplerian mo- 
tion, the blue wing and peak should be occulted earlier 
than the red peak and wing. This was seen in C IV 
AA1548,1552 A in UX UMa (Baptista et al. 1995; Knigge 

6 Drew 1997) . Most of the lines in the FUV spectrum are 
too confused with other features to examine their eclipse 
behavior in different velocity bins, but we examined the 
eclipse of two relatively unblended lines, C III All 75 A 
and S IV A1073 A. In both of these lines, the FUV ecHpse 
minimum occurs at earlier phases at blue velocities rela- 
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tive to the red components of the hne. There also appears 
to be some narrowing of the hnes in ecHpse: the FWHM 
of C III and S IV A1073 A decreases from ~3000 km s"^ to 
~2000 km during the eclipse. A narrower line profile 
during eclipse has been seen in C IV in UX UMa (Mason 
et al. 1995; Knigge & Drew 1997). Kinematic models pre- 
dict narrowing of line profiles in eclipse for a collimated 
disk wind viewed at high inclination, as the more rapidly- 
rotating parts of the wind near the disk plane are occulted 
(Knigge & Drew 1997 and sources therein). 

Figure 3 shows phase-binned FUV light curves of the 
eclipse in UX UMa. The upper panel shows the light 
curve over the full 910 - 1182 A range, while the lower 
panel shows the mean light curve for four regions of the 
spectrum in which only continuum emission is present at 
mid-eclipse: 955 - 965 A, 1045 - 1057 A, 1090 - 1103 A, 
and 1149 - 1164 A. We created both light curves by phase- 
binning the 1 s count rate light curves into 5000 bins per 
orbit. We shifted both light curves earlier in phase by 
0.006 cycles to bring the phases of full width at half depth 
of the lower, continuum-dominated, light curve symmetric 
about phase 0. This phase shift is typical of small-scale 
variations in the phasing of the eclipse as indicated by 
the scatter in the (0-C) diagram for the ephemeris (Bap- 
tista et al. 1995). Also shown in Figure 3 are the contact 
points for the eclipse of the WD as found by Baptista et 
al. (1995). 

Figure 3 indicates a narrow eclipse in the FUV. The full 
eclipse width from start to end is ~0.065 cycles in both 
light curves. The full width at half depth for the upper 
light curve is 0.043 cycles, but is 0.055 cycles for the lower 
light curve, suggesting that the emission lines are slightly 
more centrally concentrated than the contimimn emission. 
The upper light curve is also more asymmetric than the 
lower curve: the minimum occurs at earlier phases in the 
former, and its egress is longer than its ingress. Both 
eclipses are fairly smooth, although there is a hint of a 
break around phase 0.0175 that could be an egress feature. 
The FUV eclipse is not total, although it is much deeper 
in the regions between the resonance emission lines. The 
eclipse depth over the full FUV range is 40% of the pre- 
eclipse flux, but it increases to an average depth of 82% 
for the four regions dominated by continuum emission.^ 
The residual continuum emission at mid-eclipse probably 
originates from the back of the accretion disk, which is 
not occulted during eclipse. Emission from disk annuli as 
close as 11-14 Rwd from the center of the primary is still 
visible at mid-eclipse (the lower value assumes the system 
parameters of Baptista 1995, while the upper value is for 
the geometry of Smak 1994, and using Mwd/Rwd from 
Nauenberg 1972). 

3.3. Orbital Variability Outside of the Eclipse 

Past analysis of time and orbital variability outside of 
the eclipse has shed light on behavior of the inner disk and 
outflow in UX UMa. For example, UX UMa is known to 
occasionally exhibit low-amplitude 28-s oscillations in op- 
tical and UV light (e.g. Warner & Nather 1972; Nather & 
Robinson 1974; Knigge et al. 1998b). The oscillations orig- 

^ The eclipse depths quoted were tciken from flux-calibrated light curves of the eclipse. The raw count rate light curves shown in Figure 3 give 
slightly shallower eclipses of 45% and 73% for the upper and lower curves, respectively. The discrepancy between fluxed and raw eclipse depths 
most likely indicates that our method for estimating the background when creating the high time resolution light curves underestimated the 
true background. 



inate very near or on the WD surface, and may indicate 
an appreciable magnetic field that affects the structure of 
the inner disk. On longer time scales. Mason, Drew, & 
Knigge (1997) found an orbital variability in the UV light 
curve of UX UMa in the form of a decline in flux, or "light 
curve dip" , centered on orbital phase 0.6. They attributed 
the phenomenon to asymmetric vertical extension in the 
outer accretion disk absorbing flux from the disk interior. 
They found a decrease in absorption line EWs during the 
dip. which indicates that the narrow absorption compo- 
nents seen in the UV lines in UX UMa occur not in the 
outermost accretion disk annuli but interior to the source 
of the orbital light curve dip. 

In an effort to search for the oscillations and orbital vari- 
ability in UX UMa in the FUV, we examined the high time 
resolution light curves created from the raw photon event 
files of the FUSE observations and spectral variations in 
the 200 sec spectra. The top three panels of Figure 4 
show the FUV hght curve of UX UMa in 2001 March, 
with the count rate in each 1 s bin plotted vs. cycle num- 
ber. The bottom panel shows the same data binned into 
250 phase bins per orbit. The 1 s light curve shows signifi- 
cant flickering in the FUV light on short time scales, with 
flickering peaks typically separated by 200 - 1000 s. In 
several epochs, the count rate changed by a factor of 2 or 
more within a 5 min time period (~0.02 cycles). We com- 
pared the spectrum of the flickers to the spectrum away 
from the flickers by averaging all of the 200 sec spectra 
that occurred at or near the peak of a flicker and all of 
the 200 sec spectra obtained between flickers (excluding 
the eclipse). The "flicker" and "non-flicker" spectra are 
shown in Figure 5. Also shown is the difference spectrum 
between the high and low states. The difference spectrum, 
which is the spectrum of the flickering light, is quite sim- 
ilar in morphology to the spectrum of the eclipsed light 
at mid-eclipse. That is to say, the source of the flicker- 
ing is the same material, located near the accretion disk 
plane, that is occulted in eclipse. Although the continuum 
shows strong flickering, the prominent emission lines do 
not flicker. 

To search for periodicity in the FUV flux variations, 
we carried out a power spectrum analysis of the 1 s over- 
all FUV light curve. No sign of the 29 s oscillations was 
found. We also failed to detect an unambiguous period- 
icity to the flickering. By injecting sinusoidal signals of 
varying amplitude into the data stream, we found that we 
would certainly (probably) have detected the 29 s oscilla- 
tions with an amplitude of 3% (1%) in our data set. For 
comparison, the average amplitude of the oscillations in 
Knigge et al.'s (1998b) HST data (which covered 2000A 
- 8000 A) was roughly 0.5%. However, in their data set, 
the oscillation amplitude rose to well over 1% near 2000 A, 
due to the extremely blue spectrum of the oscillations. It 
therefore seems likely that we would have been able to de- 
tect oscillations of the same strength and spectral shape as 
those seen by Knigge et al. The absence of the oscillations 
from our data is not particular surprising, however. For 
example, Knigge et al. saw the oscillations in only two of 
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their four observing runs. 

The phase-binned FUV hght curve in Figure 4 shows 
that in addition to the short time scale flickering, there 
is an orbital modulation in the form of a decline in flux 
centered on phase 0.55. On average, the FUV flux is 18% 
lower between phases 0.45 - 0.65 compared to the rest 
of the orbit outside of eclipse, and it reaches a maximum 
depth of 25%. The depth of the eclipse over the full FUV is 
40%, so the light curve dip is over half the eclipse depth in 
the FUV. The dip in the FUV light curve occurs at roughly 
the same orbital phases as the dip observed by Mason, 
Drew, & Knigge (1997) in 1996 November HST/GHRS 
spectra of UX UMa (these spectra are discussed further 
in §3.4). The 1996 observations did not have full coverage 
of the orbit, but on two epochs (different binary orbits) 
the flux between phases 0.6 - 0.7 was 45% and 60% lower 
than the flux at orbital phases 0.25 - 0.4 (measured in the 
1415 1433 A region), a deeper modulation than seen in 
the FUV. 

Mason, Drew, & Knigge (1997) also noted that the EWs 

of the absorption features in Si IV AA1393,1402 A de- 
creased during the phases of the dip. We compared the 
FUV spectrum in the dip phases (0.45 - 0.65) to the spec- 
trum outside of the dip (0.05 - 0.25 and 0.75 - 0.95). As 
with the short time scale flickering, the spectral changes 
in the orbital dip arc seen in the weak lines and the con- 
tinuum and not in the prominent line emission. The EWs 
of the absorption components of the FUV lines decrease 
during the light curve dip, consistent with the results of 
Mason et al. that place the material responsible for the 
line absorption interior to the source of the broadband 
light curve dip. This conclusion is based on UV and FUV 
observations that only covered the binary orbit approxi- 
mately twice each, however, and an observation covering 
multiple binary orbits is necessary to ensure that orbital ef- 
fects are not contaminated by the spectral variations from 
flickering. 

Finally, we searched for orbital radial velocity variations 

in the FUV spectra using the 200 s spectra. With the 
"crosscor" task in IRAF, we cross-correlated the individ- 
ual spectra with respect to the time-averaged spectrum 
of the observation in several different wavelength regions. 
We also measured the centroid of several of the narrow 
absorption features in the lines by fitting a Gaussian to 
their profiles in each spectrum. A representative exam- 
ple of the results is shown in Figure 6, which plots the 
wavelength shift of each 200 s time series spectrum as a 
function of orbital phase (corrected by —0.006 cycles; see 
§3.2) for the 1040 - 1182 A region (this region is shown 
because this part of the spectrum is largely free of non- 
varying features from interstellar lines and airglow). The 
best-fit sinusoid, also shown in Figure 6, has an amplitude 
of 0.26 A (or a total peak-to-pcak shift of 0.52 A) and a 
phase shift of 0.057 cycles. The amplitude corresponds to 
a velocity of 70 km s~^. The phase shift gives a 21° lag 
between the photometric phasing and crossing times in the 
line spectrum. In general, this amplitude and phase shift 
are descriptive of the orbital radial velocity variations of 
the FUV spectrum. One possible exception are the ab- 
sorption reversals in the lines, which show much larger 
amplitudes, from 140 km s~^ for the S IV and Si III ab- 
sorption features to a peak amplitude of 200 km s~^ for 



the absorption component of C III. The wavelength shift 
in the absorption lines shows the same phase offset as seen 
in the broader spectrum. We caution that, due to the 
complex line blending in the FUV spectrum, the appar- 
ent change in the velocities of the absorption component 
centroids could be an artifact of a profile change in the 
emission components of the lines. 

The amplitude of the orbital variation in the over- 
all FUV spectrum is smaller than the value of Ki > 
150 km s~^ found by Sliafter (1984) from radial veloc- 
ity variations in the emission wings of Ha (although the 
FUV absorption lines may show a range of motion equal 
to or larger than the Ki determination). Schlegel, Honey- 
cutt, & Kaitchuck (1983) performed a spectrophotometric 
study of the optical lines in UX UMa, observing it twice 
separated by a year. Although they did not observe a 
velocity amplitude as low as 70 km s~^, they found that 
the optical lines exhibited a range of radial velocity am- 
plitudes (121 267 km s^^) that varied from line to line 
and within components of the same line from one epoch 
to another. More interesting, Schlegel et al. observed a 
0.06 cycle phase shift, consistent with the lag we observe 
in the FUV, in the radial velocity curve of He II A4686 A m 
their 1981 observations. The phase lag was not present in 
1982. Because of the presence of a pre-eclipse light curve 
hump in 1981 but not 1982, Schlegel et al. attributed the 
phase lag at the earlier epoch to a substantial bright spot 
component in He II. There were probknns with this in- 
terpretation, however, namely that there was no S-wave 
component and no eclipse in the He II line in 1981, both 
of which arc expected for bright spot emission. As a re- 
sult, they suggested that He II emission region may have 
had substantial vertical extent in that epoch. The phase 
shift in the FUV between the wavelength shifts and the 
photometric ephemeris likely derives from some asymme- 
try in the line formation region, but while the phasing 
is suggestive of an asymmetry tied to the bright spot, the 
FUV emission originates interior to the outside; edge of the 
disk, so it is not obvious how to reproduce the observed 
amplitude and phase shifts. 

3.4. Archival HST Spectra of UX UMa 

As noted earlier, UX UMa has previously been observed 
at UV wavelengths with HST. Of particular interest for 
its combination of moderate spectral resolution and broad 
wavelength coverage is the 1996 November observation ac- 
quired with the GHRS. This observation obtained 1149 - 
1660 A wavelength coverage at 0.6 A spectral resolution. 
The spectra were obtained in RAPID mode with 5 s inte- 
gration time and sampled much of the binary orbit. Or- 
bital light curves and spectra of Si IV AA1393,1402 A from 
this data set were presented by Mason, Drew, & Knigge 
(1997) as part of an analysis of the pre-echpse dips dis- 
cussed in § 3.3, but the full UV spectrum was not pub- 
lished. As these spectra provide a longer-wavelength com- 
plement to our FUV observations, we present them here. 

Figure 7 shows the time-averaged, mid-eclipse, and dif- 
ference spectra of the 1996 GHRS observation of UX UMa. 
The mid-eclipse spectrum covers the central 0.0125 cycles 
of the eclipse. The HST time-averaged spectrum is sim- 
ilar in character to the FUSE FUV spectrum: in both, 
continuum emission is everywhere overlaid by a rich spec- 
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trum of lines with emission and absorption components. 
Strong resonance lines of C IV, N V, and Si IV, as well 
as He II, are joined by a wealth of other lines, including 
transitions of C III, Si II and Si III. The strong emission 
lines have line profiles similar to those seen in the FUV. 
The lines are double-peaked, with central absorption at the 
rest wavelengths of the lines. At this epoch, the absorp- 
tion reversal is relatively shallow in C IV AA1548,1552 A, 
N V AA1238,1242 A, and He II A1640 A. The absorption 
dips arc deeper in C III A1175 A, C II A1334 A, and Si IV 
AA1393,1402 A. In Si II and Si III, the lines are primarily 
or entirely in absorption outside of eclipse. 

The FUSE and GHRS spectra overlap from 1149 - 
1182 A, a region including the C III A1175 A blend. A 
comparison of the line at two epochs indicates that the 
profile of the line is variable. Although the line is double- 
peaked in both spectra, the blue peak dominates in the 
1996 spectrum, while the red peak is stronger in 2001. 
Spectral minima (around 1150 A, for example) are at the 
same flux in both spectra, as is the blue peak in C III, 
but other spectral peaks, at 1158 A, 1162 A, and the red 
peak of C III, are depressed by 15% - 25% in the 1996 
observation relative to 2001. The C IV line also shows a 
strong peak blueward of the rest wavelengths of the dou- 
blet lines. This enhanced blue peak is not present in other 
high-resolution spectra of C IV (1993 GHRS spectra, see 
Mason et al. 1995, and unpubhshed 1998 STIS spectra). 

The mid-eclipse HST spectrum is also quite similar to 
the FUSE FUV eclipse spectrum. The weaker line emis- 
sion is gone, and the spectrum consists of strong emis- 
sion lines separated by a flatfish continuum. The mean 
continuum flux in the overlap region, 1149 1165 A, 
is 4.8 X 10""'^^ ergs cm~^ in the HST spectrum, 

compared to 2.7 x 10~" ergs cm"^ s~^ A'^ in the FUSE 
observation. The UV flux (and, by implication, the mass 
accretion rate) fluctuates in UX UMa (see, e.g., Knigge 
et al. 1998) and the difference in continuum flux between 
the 1996 and 2001 observations is typical for the system. 
In C III A1175 A, the line profile is reversed in the HST 
spectrum compared to the profile in the FUSE observa- 
tion, with the blue peak dominant in the former and the 
red peak in the latter. The difference spectrum in the 
HST observation shows that the eclipsed component of 
the lines, as in the FUSE observations, are mainly or en- 
tirely in absorption. (Note that here, because of phase 
coverage gaps, the difference spectrum is the difference 
between the time-averaged spectrum and the mid-eclipse 
spectrum, rather than a direct comparison of mid-eclipse 
to phases immediately preceding and following.) The ab- 
sorption components are narrow, with typical FWHM of 
600 900 km s^^, and very deep: several of the dips reach 
zero fiux at their line centers, which did not occur in the 
FUSE observations. The absorption dips are occulted in 
some lines, such as C III, Si IV, and C IV, but remain at di- 
minished EW in other lines, including N V and Si III. The 
broad Si III blend at A1300 A appears weakly in emis- 
sion only after its broad, deep absorption component is 
eclipsed. 

Figure 8 shows the light curve of the HST observations 
for four regions of the spectrum away from the prominent 
lines and dominated by continuum emission at mid-eclipse. 
Also shown for reference is the fluxed eclipse light curve 



from the 2001 FUSE observation (at lower time resolution 
than the light curves in Figure 3 but created from flux- 
calibrated spectra). The pre-eclipse flux was higher than 
the post-eclipse flux in 1996, while the opposite trend was 
true in 2001. In other respects, the UV and FUV light 
curves are quite similar, however. The full width at half 
depth of the 1996 UV eclipse (where the out of eclipse 
flux was taken as the mean of the pre- and post-eclipse 
fluxes) is 0.052 cycles, consistent with the eclipse width 
in the FUV. Moreover, the dc;ptli of the eclipse does not 
change significantly with wavelength: the mean depth in 
the continuum-dominated regions is 82% in the FUV and 
77% in the UV. Even in the longest wavelength range, 1565 
- 1665 A, the depth of the eclipse remains 70% of the out 
of eclipse fiux. 

4. DISCUSSION 

The FUV spectrum of UX UMa is everywhere character- 
ized by line features. The FUSE and archival HST spectra 
show that from 910 - 1600 A, the time-averaged spectrum 
is composed of prominent emission lines and a complex 
blend of weaker features. The emission lines arise from 
the usual transitions seen in CV spectra in the UV: res- 
onance lines of neutral hydrogen and ionized metals and 
prominent excited state transitions. In eclipse, these lines 
are largely unocculted, while the weaker features are com- 
pletely eclipsed. The spectrum of the eclipsed light sug- 
gests that the weaker line features are primarily in absorp- 
tion. 

Because of the severe line blending, it is difficult to de- 
termine where to place the continuum in the FUV and 
UV spectra, and some of the eclipsed line region may be in 
emission as well as in absorption. At mid-eclipse, the spec- 
trum in between the prominent resonance emission lines is 
smooth and appears to consist only of continuum emission. 
As a result, the emission line component of the eclipsed 
light, if present, must have substantial asymmetry or orig- 
inate very close to the WD to explain why it is not seen 
during eclipse, when much of the back of the accretion 
disk remains unocculted. A possible source for asymmet- 
ric emission is the mass accretion stream. Baptista et al. 
(1998) created spatially resolved spectra of the accretion 
disk in UX UMa from UV and optical HST/FOS observa- 
tions. They found that the quadrant of the disk containing 
the mass accretion stream is a source of UV emission, in- 
cluding C IV line emission, down to O.IRl^, which they 
attributed to overfiow of the mass stream above the disk. 
The introduction of an asymmetry in the line emission by 
the mass stream is also consistent with the phase lag in 
the orbital radial velocity variations in the FUV spectrum 
with respect to the photometric ephemeris. 

The origin of the line absorption also has important 
implications for the structure of the accretion disk and 
the wind. Knigge & Drew (1997) modeled the C IV 
AA1548,1552 A line profile in UX UMa in and out of eclipse 
with a kinematic model of a rotating, biconical disk wind. 
They found that to match the eclipse of the narrow absorp- 
tion features at the rest velocity of the doublet, their model 
had to include a dense, slowly outflowing transition region 
between the fast wind and the disk, which they dubbed an 
accretion disk chromosphere. Some hydro dynamical mod- 
els of radiatively-driven disk winds have predicted regions 
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of chaotic, low velocity motion that may be the source of 
the chromospheric features seen in UX UMa (Proga, Stone 
& Drew 1998). The results of Knigge & Drew were based 
on only one epoch of observation of UX UMa and only one 
line, however, which left open the possibility that secular 
variability and/or non-wind contributions to C IV could be 
responsible for the narrow absorption components of the 
line. An alternate explanation for the absorption compo- 
nents is absorption by low-velocity material in the outer 
disk; narrow, low- velocity absorption lines from the outer 
disk are present in the FUV spectrum of the dwarf nova 
U Gem in outburst, for example (Proning et al. 2001). 

Mason, Drew, & Knigge (1997) showed that the nar- 
row line absorption in UX UMa also occurred in Si IV 
AA1393.1402 A and that the absorption hne EWs de- 
creased during a broadband light curve dip that they 
attributed to asymmetric vertical extension in the outer 
disk. The EW decline suggested that the line absorption 
components were interior to the outer edge of the disk, 
which made the disk wind/chromosphere model of Knigge 
& Drew (1997) more attractive. The FUSE observations, 
obtained 5 years after the HST spectra, show that the 
line absorption components are present throughout the UV 
and FUV in a wide variety of species and ionization states 
and are persistent. The EWs of the absorption lines in the 
FUV spectrum also decrease during the broadband light 
curve dip. If the line absorption occurred in the outer disk 
edge, the lino EWs would increase, not decrease, when the 
amount of absorbing material increased around phase 0.6. 
The low velocities and narrow profiles of the absorption 
lines are consistent with origin in the dense, slowly out- 
flowing transition region between the accretion disk and 
the fast wind. Nevertheless, both the HST and FUSE 
observations sample a small number of orbits, so it re- 
mains possible that the orbital spectral changes are being 
confused with variability caused by flickering; additional 
broadband UV observations spread over the binary orbit 
of UX UMa will be necessary to properly average out the 
flickering effects. 

Another ongoing question in UX UMa and in other 
CVs concerns the continuum source in the ultraviolet. In 
UX UMa, as in other NLs, the accretion disk is believed 
to be in a high mass-accretion rate steady-state, and we 
expect it to be the dominant continuum source in the op- 
tical and UV. Previous studies have not been successful in 
modeling the continuum emission in UX UMa with steady- 
state disk models, however. Knigge et al. (1998) explored 
model disk fits to broadband HST spectra (1250 - 9000 A) 
of UX UMa. Their models were constructed from sums 
of appropriately weighted stellar atmosphere spectra at 
the temperature and gravity of each accretion disk an- 
nulus. They demonstrated that the model disk spectra 
provide a poor fit to the overall spectral shape. At opti- 
cal wavelengths, the models overestimate the amplitude of 
the Balmer jump, while in the UV, the models are too blue 
to match the observed spectrum. The discrepancy at blue 
wavelengths between model and observed spectra becomes 
worse when the FUV spectrum is also taken into account: 
the model disk spectrum of Knigge et al. (1998) would 
exceed the observed 2001 March FUV flux by >50%. 

We examined the FUV fluxes predicted by accretion disk 
models for the geometry of UX UMa (testing the geome- 



tries of both Baptista et al. 1995 and Smak 1994). Op- 
tical and UV eclipse mapping analyses have given mass 
accretion rates for UX UMa from 5 x 10~^ Mq yr~^ to 
1 X 10"^ Mq yr-i (Rutten et al. 1992; Baptista et al. 
1995, 1998), where the range reflects a real variation in 
the observed flux and a likely variation in the mass flow 
rate through the disk. The distance to UX UMa has been 
estimated to lie from 215 - 345 pc (Baptista et al. 1995 and 
sources therein), and the reddening is E(B-V) = 0, or at 
most E(B V) < 0.04 (Knigge et al. 1998). We compared 
the fluxes of FUV and UV spectra of UX UMa to model 
disk spectra constructed from summed, area- weighted, 
Doppler-broadened spectra of stellar atmospheres set to 
the appropriate temperature and gravity for a given disk 
anmilus, assuming the standard, steady-state temperature 
distribution in the disk (see Froning et al. 2001 for a full 
description of the models). 

There is a continued discrepancy between the models 
and the observed fluxes at blue wavelengths. If the accre- 
tion disk is assumed to be the dominant FUV continuum 
source — which corresponds to scaling the model to some- 
thing like the minima in the FUV spectrum away from the 
strong lines: 8 x 10""'^^ ergs cm~^ s"""^ A"-'^ at 965 A and 
1 X 10~^^ ergs cm~^ s~^ A~^ at 1095 A — the predicted 
mass accretion rate is 1.6 x 10~^ Mq yr~^, assuming the 
upper range to the distance (increasing the reddening to 
the upper limit gives m = 2.2 x 10~^ Mq yr~^). Although 
the 1996 November and 2001 March HST and FUSE spec- 
tra have the same out of eclipse fluxes in their region of 
overlap (1149 - 1182 A), the same accretion disk model will 
not fit both spectra. The m = 1.6 x 10~^ Mq yr~^ model 
that scales to the flux in the FUV only provides half of the 
flux observed in 1996 November at 1250 A and one third 
of the observed flux at 1400 A. Increasing the reddening to 
E(B-V) = 0.04 has a negligible effect on the slope of the 
spectrum in the UV. The unknown degree of line blanket- 
ing affecting the FUV and UV limits our ability to assess 
the discrepancy between the observed continuum and the 
disk models, but it is clear that a single accretion disk 
model cannot fit the continuum over the full FUV-I-UV 
range. 

Although the discrepancy between the disk models and 
observed spectra in high state CVs could result from some 
problem with the physics of the models, a more likely 
cause is an incomplete description of the three-dimensional 
structure of the accretion disk. The presence of substantial 
vertical extent in the disk, as indicated by the absorption 
components in the spectral lines and the orbital dip at 
phase 0.6, points to a more complex accretion disk struc- 
ture than current disk models assume. Knigge et al. (1998) 
discussed several ways in which to bring model continuum 
spectra in closer agreement with the observed spectrum 
in UX UMa. One possibility, first discussed by Long et 
al. (1994) with respect to discrepant disk model fits to 
the spectrum of the NL, IX Vcl, is that the hottest, inner 
annuli of the disk are not present, causing the disk spec- 
trum to be less blue than predicted by a standard disk 
model. The presence of 29 s oscillations in the optical 
and UV light in UX UMa is an inner disk phenomenon 
and may be indicative of disrupted accretion at the in- 
nermost annuli (Knigge et al. 1998b), but the oscillations 
are not always present and we do not detect them our 
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observations. Another way to bring model spectra into 
agreement with observed spectra is to posit a second con- 
tinuum source: Knigge et al. (1998) showed that the ad- 
dition of optically thin recombination emission can flatten 
both the slope of the continuum from red to blue and fill in 
the Balmer jump. The optically thin continuum emission 
may originate from the accretion disk chromosphere; fur- 
ther modeling will be needed to determine if this picture is 
consistent with theoretical understanding of the properties 
of the disk-wind transition region. 

The WD may also be a significant source of UV contin- 
uum emission. If so, its presence will worsen the discrep- 
ancy between the models and the observed continuum in 
UX UMa (Knigge et al. 1998). Baptista ct al. (1995) con- 
cluded from their analysis of UV light curves that the WD 
is seen in the UV. They identified a signal in the derivative 
of the eclipse light curve from which they determined con- 
tact points for the WD eclipse ingress and egress. They 
also determined the flux of the WD at 1600 A, 4.8 mJy 
(5.625 X 10"" ergs cm'^ s"^ A'^), which was 25% of the 
continuum flux at the time of their observation. From 
their identiflcation of the WD in the UV eclipse and a dis- 
tance estimate of 345 pc obtained from their optical and 
UV eclipse maps, Baptista et al. (1995) determined the 
WD diameter and a temperature: 52,000 K if the full WD 
is visible, or 70,000 K if the lower hemisphere of the WD 
is obscured by the disk. They combined their measure of 
the duration of WD eclipse with an empirical ZAMS mass- 
radius relation and limits on Ki to determine the binary 
parameters for UX UMa, including the mass ratio, inclina- 
tion, binary separation, and masses and radial velocities of 
the primary and the secondary. Their derived parameters 
have become the standard adopted values for UX UMa. 

A simple extension of the spectrum of a WD with the 
flux and temperature found by Baptista et al. (1995) to 
FUV wavelengths indicates a problem with their analy- 
sis, however. This is illustrated in Figure 9, in which we 
compare model WD spectra to the 2001 FUV and (for ref- 
erence) the 1996 November UV spectra of UX UMa. The 
DA WD models shown were created using TLUSTY and 
SYNSPEC (Hubeny 1988; Hubeny, Lanz, & Jeffery 1994; 
Hubeny & Lanz 1995), and have logg = 8. A WD with a 
1600 A flux of 4.8 mJy (5.625 x 10"" ergs cm'^ s'^ A'^) 
and a temperature of 52,000 K exceeds the observed flux 
at nearly every wavelength in the FUV; only in regions of 
strong FUV line emission does the model even fall below 
the observed flux. At its peak near 1000 A, the model WD 
spectrum exceeds the observed flux by 60%. A 70,000 K 
WD (the Baptista et al. temperature if half the WD is ob- 
scured by the disk) will deviate even more severely from 
the observed FUV spectrum. 

We examined the possibility that the WD flux found by 
Baptista et al. (1995) is correct but that their tempera- 
ture is too high. The second WD model in Figure 9 shows 
that a cooler WD with a 4.8 mJy flux at 1600 A is equally 
unlikely, however. The model shown is for a 20,000 K 
WD, which is the hottest WD of that UV flux consistent 
with the observed FUV spectrum. The problem with a 
cool WD with substantial UV flux is evident: its spectral 
shape is too variable with wavelength to be consistent with 
the observed spectrum. Moreover, such a WD would need 
to have a radius of 2.3 x 10^ cm - 3.7 x 10^ cm (for the 



216 - 345 pc distance range to UX UMa) to emit the flux 
shown, substantially larger than the 9.8 x 10^ cm radius 
found by Baptista et al. 

We conclude, therefore, that the WD in UX UMa is un- 
likely to have the high flux value determined by Baptista 
et al. A strong change in the WD flux over time is also 
unlikely. The 1600 A flirsc in 1993 (the time of the Bap- 
tista et al. observations) is roughly the same as the flux in 
the 1996 HST spectrum. A comparison of the Baptista et 
al. WD model to that of the 1996 spcctnmi in Figure 9 
shows that the model begins to overshoot the observed 
flux around 1200 A, even before an accretion disk contri- 
bution to the FUV flux is taken into account. This incon- 
sistency between the derived WD parameters and observed 
FUV spectra calls into question whether the features iden- 
tifled by Baptista et al. in the UV eclipse were actually the 
ingress and egress of the WD. The S/N of the UV eclipse 
light curve used by Baptista et al. to identify the WD was 
not high, and we consider their identification of the WD 
contact points in the derivative light curve as insecure. As 
all subsequent binary parameters found by Baptista et al. 
(1995) depend on the accurate identification of the WD in 
the eclipse, we also consider their determination of the WD 
temperature, WD radius, primary and secondary masses, 
and inclination unreliable. The derived parameters them- 
selves indicate a problem: a mass ratio of 1, as found 
by Baptista et al., is theoretically inconsistent with stable 
mass transfer, for which there is ample and unambiguous 
evidence in UX UMa. 

Although the WD does not have the large flux contri- 
bution found by Baptista et al., it may still be an impor- 
tant source of flux in the FUV. We do not see obvious 
WD eclipse features in the FUV high time resolution light 
curve, however. Figure 3 shows a slight notch in eclipse 
egress near phase 0.02, but that feature is only present in 
one of the two eclipses we observed (the individual eclipses 
in broadband FUV light can be seen in Figure 4) . We can 
set limits on the WD contribution based on the spectrum 
of the eclipsed light, shown in the bottom panel of Figure 2. 
Since the WD is fully eclipsed, the flux in the eclipsed 
light spectrum gives an upper limit to the WD contribu- 
tion. If we assume a standard WD mass Mwd — 0.6 Mq, 
a corresponding radius of order Rwd — 8.7 x 10* cm (us- 
ing the mass-radius relation from Nauenberg 1972), and 
a maximum distance of 345 pc, we find that the maxi- 
mum temperature of the WD cannot exceed 40,000 K if 
the WD flux is to fall below the observed FUV eclipsed 
flux. At this temperature and projected area, the WD 
would be responsible for all of the eclipsed flux, which is 
unlikely, considering that most of the inner accretion disk 
and the chromosphere are also eclipsed, and no clear-cut 
WD eclipse features can be seen in the FUV light curve. 
If we assume therefore that the WD is only responsible for 
50% of the FUV eclipsed flux, its temperature would drop 
to 25,000 K, and a 20% WD contribution would predict a 
cool WD of 20,000 K. 

Theoretically, half of the energy of mass accretion is 
emitted in the boundary layer at or near the WD surface; 
for the typical accretion rates of UX UMa, this indicates 
that the surface of the WD (or some part thereof) should 
be quite hot (~100,000 K). If the WD is hot, it must have 
a small emitting area to be consistent with the eclipsed 



9 



FUV flux. If fully visible, a 50,000 K WD must have a ra- 
dius equal to or smaller than 3.1 x 10® cm, assuming the 
minimum distance to UX UMa of 216 pc. A 70,000 K 
WD would have to have a radius Rwd < 2.4 x 10^ cm 
for its flux to be smaller than the observed FUV eclipsed 
flux. Both of these values correspond to a massive WD 
{MwD > 1.2 Mq) if a standard WD mass-radius relation 
holds for for UX UMa. Obscrvationally, a hot BL/WD 
has not been observed in UX UMa, whose X-ray lumi- 
nosity (lO'^" ergs s^^ for a 340 pc distance) is too low to 
be consistent with the theoretically predicted BL emission 
(Wood, Naylor, & Marsh 1995). This may indicate that we 
are not seeing the WD in UX UMa at all due to shrouding 
or occultation by the outer disk. Occultation of the WD 
has been demonstrated in the the NL DW UMa {i = 82°) 
when a low state in the disk exposed the normally hidden 
WD (Knigge et al. 2000). A clear detection of the eclipse 
of the WD would rule out the occultation hypothesis. Ide- 
ally, a search for the contact points of the WD would be 
conducted using multiple (at least 10) UV observations 
(with FUSE or HST) of the eclipse to decrease the effects 
of flickering and variability in the shape of the eclipse. 

5. CONCLUSIONS 

In this manuscript, we presented the observational char- 
acteristics of the first high resolution time series FUV spec- 
troscopy of the eclipsing NL, UX UMa. Our main results 
are as follows: 

1. The time- averaged FUV spectrum of UX UMa is dom- 
inated by line emission from numerous, overlapping tran- 
sitions of H I, C III, N III, N IV, S III, S IV, S VI, Si III, 
Si IV and O VI, and additional unidentified, blended fea- 
tures. There is no region in the time-averaged spectrum 
in which the continuum alone can be discerned. 

2. The emission lines have double-peaked profiles, with a 
narrow (FWHM ~ 600 km s~^) central absorption rever- 
sal at the rest wavelength of each line. In the strongest 
lines — C III A977 A, N III A992 A, the N IV blend at 
920-924 A, and the doublet fines of O VI AA1032,1038 A 
— the red emission peak is enhanced relative to the blue 
peak. 

3. The mid-eclipsc! spcictrum is much less complex than 
the time-averaged spectrum. Most of the weaker spectral 
features are occulted in eclipse, exposing a flat continuum 
with the prominent emission lines superposed. The cen- 
tral absorption components of these lines are eclipsed. The 
spectrum of the eclipsed light is a mix of continuum and 
line emission, with the line features primarily in absorp- 
tion. Several lines appear in emission only at mid-eclipse, 
when the strong absorption components of the lines are 
occulted. Archival HST spectra of UX UMa show similar 
morphology and behavior during eclipse. 

4. Over the full FUV range (910-1182 A), the mid-eclipse 
flux is 40% below the uneclipsed level. For regions of 
the spectrum away from the prominent emission lines, the 
mid-eclipse flux is on average 82% below the uneclipsed 
level. The eclipse depth does not change significantly at 
longer UV wavelengths: the mid-eclipse flux is 77% of the 
mean out of eclipse flux in the continuum-dominated re- 
gions of the HST (1149 1660 A) spectra. The fuU width 
at half depth of the eclipse away from the prominent emis- 
sion lines is roughly the same over the FUV and UV as 



well. 

5. The high time resolution (Is) light curve of the FUV ob- 
servation shows strong fiickering on time scales of several 
minutes. We do not detect a periodicity associated with 
the flickers and we do not detect the 29 s oscillations seen 
in some previous optical and UV observations. Spectra of 
the flickering peaks and minima show that the flickering 
occurs in regions near the plane of the disk (i.e., the re- 
gions that are eclipsed); the continuum fluctuates but the 
prominent emission lines do not flicker. 

6. There is an orbital variation in the FUV light curve: 
the phase-binned flux around orbital phase 0.55 dips to a 
minimum 25% below the flux at other phases outside of 
eclipse. The light curve dip occurs at roughly the same 
orbital phase as but is shallower than the dip seen in HST 
observations of UX UMa. Spectra in the light curve dip, 
averaged over two orbits, show lower EWs for the line ab- 
sorption features than spectra taken outside the dip. The 
same behavior was seen in the 1996 HST data. 

7. We have detected a wavelength shift in the FUV spec- 
trum phased on the orbital period. The amplitude of the 
shift is 70 km s~^ over broad regions of the FUV but may 
range as high as 140 - 200 km s^^ for the absorption com- 
ponents of the lines. The wavelength shifts lag the phasing 
of the photometric ephemeris by 21°. 

8. The WD parameters found by Baptista et al. (1995) 
from HST UV observations requires a FUV flux from the 
WD in excess of the observed FUV flux. A WD with a ra- 
dius 8 X 10® cm - 9.5 x 10® cm (corresponding to a mass 
range 0.7 - 0.47 M©) must be cooler than 40,000 K to 
remain below the observed FUV flux. Alternatively, the 
WD can be hotter but smaller in radius. 

9. A curve of growth analysis of interstellar absorption 
lines in the FUV spectrum of UX UMa (see Appendix A) 
gives a range of log Nh = 20.3^0 J for the column density 
along the line of sight to UX UMa. 
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APPENDIX 

A CURVE OF GROWTH ANALYSIS OF THE INTERSTELLAR LINES IN THE SPECTRUM OF UX UMA 

The time-averaged spectrum of UX UMa shows narrow interstellar (IS) absorption lines. Identified lines and their EWs 
arc given in Table A2. The EWs of the linos arc moasnrcd averages from time- averaged spectra of each of the four optical 
channels, giving two or four measurements of each line, depending on the wavelength region. The IS lines are from H I 
and metals; there is no molecular hydrogen absorption in the spectrum. The lack of H2 absorption is somewhat unusual 
since most FUSE spectra, especially for targets outside the local ISM, show interstellar H2, and distance estimates place 
UX UMa at least 216 pc away, and probably closer to 345 pc away (see Baptista et al. 1995 and sources therein). Non-local 
sight lines without molecular hydrogen absorption do exist, however (see ShuU et al. 2000, for example), and UX UMa 
lies on a sight line directed out of the galactic plane {I = 107?0, b = 63?8). 

At least two distinct velocity components contribute to interstellar absorption along the line of sight to UX UMa. The 
IS H I lines have FWHM '--^0.36 A, about twice that seen in the spectra of nearby CVs observed by FUSE (Froning et 
al. 2001; Long et al. 2002, in preparation). The strong, ionized metal lines — C III A977 A the blend of N III A989.8 A 
and Si III A989.9 A, C II A1036 A, and N II A1084 A — have two components, one near zero velocity and a second at a 
velocity of -60 km (the resolution element in the individual channel spectra is '--^25 km s"'^). We examined archival 
STIS high-resolution (R = 0.075 A) spectra in the vicinity of C IV AA1548,1552 A (the spectra are unpublished). The 
interstellar component of the nearby Si II A1527.71 A line also shows two absorption components separated by 60 km s~^. 
The IS EWs given in Table A2 for the FUSE spectra are integrated over the full IS absorption profile of each line. 

A measure of the absorbing column is of general interest for analysis of UX UMa, particularly for X-ray and EUV 
observations, so we undertook a determination of the hydrogen column density along the line of sight to UX UMa using a 
curve of growth analysis. The higher order Lyman series lines of H I cannot be used to directly determine Nh because they 
are all saturated. Instead, we used measurements of unblended O I and N I IS lines and assumed standard IS abundances 
relative to hydrogen for these species (see Mauchc, Raymond & Cordova 1988 and Froning et al. 2001 for other applications 
of this method). The gas-phase interstellar abundances of oxygen and nitrogen have been well determined (Meyer et al. 
1997, 1998) and are reliable trac;ers of hydrogen within several hundred parsecs of the sun (but see Moos et al. 2002 
concerning nitrogen, which may be less reliable than oxygen as a tracer of hydrogen in the LISM). 

Unfortunately, none of the measured metal lines are completely optically thin, so a direct measurement of the column 
density independent of the broadening parameter governing the line widths is not possible. The metals also cluster in a 
small range of optical depths and do not tightly constrain the column density. The best fit to the O I and N I line EWs 
gives Nh = 2.13 x 10^° cm~^ and b = 4.5 km s~^ for the broadening parameter (x^ = 32 with 12 degrees of freedom). The 
best fit for O I alone gives the same result. Fits within the 95% confidence interval for Nh (assuming Gaussian statistics) 
can be obtained for A''^ down to 3.50 x 10^^ cm~^ (6 = 5.9 km s~^). The fit deviates more rapidly from the data points 
for larger column densities as the growth curve becomes too flat to match the slope in the observed points, leading to an 
upper estimate of the column density (for a 95% confidence interval) of Nh = 5.72 x lO'^" cm~-^ (6 = 4.1 km s~^). The 
resulting range for the column density for the line of sight to UX UMa is log Nh = 20.3^^°;!. The best fit and the upper 
and lower statistical limits are shown in Figure 10. 

The curve of growth analysis assumes a single cloud with a single broadening parameter along the line of sight. The 
broad widths and large EWs of the IS H I lines show that multiple clouds must contribute to absorption in neutral 
hydrogen. If placed on the curve of growth, the H I lines are described by a broadening parameter of 6 ~ 24 km s~^. 
This value is implausibly large — if dominated by thermal broadening, 6 = 24 km s~^ implies a thermal temperature of 
34,600 K! The growth curve over-estimates the broadening parameter in H I with a single cloud; two or more clouds with 
offset velocities will have smaller, more physical, broadening parameters in each cloud and be consistent with observed 
EWs. The more pertinent question concerns the reliability of the column density derived above, based on O I and N I 
line measurements. In the absence of high resolution spectroscopy or complicated modeling of the sight line to UX UMa 
beyond the scope of this manuscript, we cannot know the number and parameters of IS absorption components along 
the sight line, and any number of scenarios could be devised to make the true H I column density larger or smaller than 
the range indicated by the curve of growth. There is reason to believe that the column density range given above is a 
reasonable estimation for the line of sight to UX UMa, however. Jenkins (1986) demonstrated that the curve of growth 
method can give column densities close to the true value even when multiple components with well-separated or partially 
overlapping velocities contribute to the absorption. This is true even when individual components are very optically thick, 
as long as the distribution of cloud parameters is smooth and no single or few highly saturated components dominate 
the absorption. There is no evidence from the IS spectrum of UX UMa that any divergent component dominates the 
absorption, so we conclude that, given the current data, the range of log A/' = 20.3^0^8 t)est estimate for the column 
density along the line of sight to UX UMa. 
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Fig. 1.- - The timc-avcragcd FUV spectrum of UX UMa from 2001 March. The spectrum has been binned to 0.1 A dispersion. Prominent 
transitions from UX UMa are marlced and lines of terrestrial airglow are labeled with circled crosses. 
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Fig. 2. — The out of eclipse and mid-eclipse spectra of UX UMa and the spectrum of the eclipsed light. The upper panel shows the out 
of eclipse spectrum in black, binned to 0.1 A resolution. This spectrum is the average spectrum pre- and post-eclipse (orbital phases 0.85 - 
0.95 and 0.05 - 0.15). Prominent lines and lines present in eclipse are labelled and marked with dotted lines. The middle panel shows the 
spectrum of the central 200 s (0.0125 cycles) of the eclipse binned to 0.6 A resolution. The lower panel shows the spectrum of the eclipsed 
light, which is the difference spectrum between the out of eclipse and mid-eclipse spectra (both were binned to 0.6 A before subtraction). 
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FlH. 3. — High time resolution liglit curves of the eclipse in UX UMa. The upper panel shows the mean count rate over full 910 - 1182 A 
range through eclipse. The lower panel shows the mean count rate in four regions away from the strong emission lines and dominated by 
continuum emission at mid-eclipse: 955 — 965 A, 1045 — 1057 A, 1090 — 1103 A, and 1149 — 1164 A. Both light curves have been made by 
phase-binning the 1 s count rate light curves into 5000 phase bins per orbit (0.0002 cycles or 3.4 s per bin). The light curves have been shifted 
by 0.006 cycles relative to the published photometric ephemeris to bring the phases of full width at half flux in the lower, continuum-dominated 
light curve, symmetric about orbital phase 0. Also shown for reference are the contact phases of the WD eclipse found by Baptista et al. 
1995. 



14 




Cycle Number 



Fig. 4. — High time resolution light curve of the 2001 March FUV observations of UX UMa and a phase-binned light curve of the binary 
orbit. The top three panels show the count rate in 1 s bins for the FUSE observations of UX UMa. The count rate is shown versus cycle 
number of the observation. The bottom panel shows the count rate data binned on the orbital period into 250 phase bins. The binned light 
curve is repeated twice. 
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Fig. 5. — FUV spectral variations during flickering events. The upper panel shows in black the average of all the 200 sec spectra acquired 
at or near the peak of flickers. The spectrum shown in gray is the average of the 200 sec spectra acquired in low count rate intervals, away 
from flickers. Spectra acquired in eclipse were excluded from both averages. The bottom panel shows the difference spectrum between the 
flicker and non-flicker spectra. 
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Fig. 6. — Radial velocity variations over the binary orbit in UX UMa. The points plotted show the wavelength shifts for each of the 200 s 
spectra from the 2001 March observation relative to the time-averaged spectrum of the observation. The solid line is the best-flt sinusoid. It 
has an amplitude of 0.26 A and a phase shift of 0.057 cycles. 
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Fig. 7. — The time- averaged and mid-eclipse spectra from 1996 GHRS observations of UX UMa (upper and middle panels) and the spectrum 
of the eclipsed light (lower panel). The labelling of the panels is the same as in Figure 2. All three spectra are shown at their maximum 
resolution, 0.6 A. 
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Fig. 8. — Eclipse light curve for the 1996 November HST observations of UX UMa. The data points show the mean flux in four regions 
away from the emission lines and dominated by continuum emission at mid-eclipse: 1149 - 1164 A, 1273 - 1288 A, 1440 - 1493 A, and 1565 
- 1596 A. The light curves was made by phase-binning the fluxed spectra into 5000 phase bins per orbit (0.0002 cycles or 3.4 s per bin). 
The light curves have been shifted earlier in phase by 0.0095 cycles relative to the published photometric ephemeris to bring the phases of 
full width at half flux of the light curve symmetric about orbital phase (the out of eclipse flux was assumed to be the mean of the pre- 
and post-eclipse flux levels). Shown for reference with the dashed line is the FUV eclipse light curve from the 2001 FUSE observations. The 
FUV light curve is the mean flux from the same wavelength regions used for the lower panel of Figure 3, but created from the flux-calibrated 
spectra, extracted at 50 sec intervals through the eclipse, rather than the raw count rate flies (consequently, it's time resolution is more coarse 
than the light curve in Figure 3). 
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Fig. 9. — The FUV and UV spectra of UX UMa compajred to model white dwarf spectra. The time-averaged FUV spectrum of UX UMa 
from the 2001 March FUSE observations is shown as a bold black line. Plotted in a thin black line is the 1996 November GHRS UV spectrum 
of UX UMa. Overplotted in gray are two model DA WD spectra scaled to have fluxes of 4.8 mjy (5.625 x 10~^* ergs cm~^ ^~^) ^'^ 
1600 A. Both WD models assume log 5 = 8. The upper model has a temperature of 52,000 K, while the lower model has a temperature of 
20,000 K. 
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Fig. 10. — Curve of growth for the sight Une to UX UMa. O I lines are shown as filled triangles and N I lines as open squares. Both species 
have been adjusted for their gas-phase interstellar abundances with respect to hydrogen. The absissca is plotted for log /A rather than the 
usual log Nf\ so that growth curves of multiple column densities can be shown on the same plot. The parameters of the best-fit growth 
curve, shown as a solid line, are Nh = 2.13 X 10^0 and 6 = 4.5 km s'^. The dashed lines shows a curve for Nu = 5.72 x 10 cm and 
b = 4.1 km s~^, while the dotted line shows the curve for Nh = 3.5 x 10^® cm~^ and b = 5.9 km s~^ 
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Table A1 

()L!SE.H\"ATI.()K SriLMAHY 

Observation Date (UT) Start (UT) ^ start End (UT) ^End tabs (s) 

1 2001 March 23 22:42:36 0.27 13:39:55 3.62*^ 20,038 

2 2001 March 24 15:20:02 0.80 02:59:41 3.35*^ 19,814 



^Each observation was acquired over about three binary orbits. 



Table A2 

Intersteller Lines in the FUV Spectrum of UX UMa 



Species 




r 


EW 




(A) 




(A) 


H I 


915.329 


0.000385 


0.3908 


H I 


915.824 


0.000468 


0.3901 


H I 


916.429 


0.000577 


0.4184 


H I 


917.181 


0.0007226 


0.4226 


H I 


918.129 


0.0009213 


0.4346 


H I 


919.351 


0.00120 


0.4215 


H I 


920.963 


0.001605 


0.4290 


H I 


923.150 


0.002216 


0.4125 


I 


924.950 


0.001540 


0.0473 


H I 


926.226 


0.003183 


0.426 


I 


929.517 


0.002295 


0.0544 


H I 


930.748 


0.004816 


0.4600 


I 


936.630 


0.003650 


0.0765 


H I 


937.803 


0.007804 


0.4451 


I 


948.686 


0.005420 


0.0606 


TT T 

H I 


949.743 


0.01394 


r\ A A f\ 

0.4349 


(J I 


950.885 


A A A 1 'TCX 

0.001570 


A A AO 

0.0592 


N I 


953.415 


A A 1 O 1 A 

0.01314 


0.0619 


AT X 
JN I 


953.655 


A AO A AO 

(J.U2492 


A Ai? AO 

0.0608 


"NT T 
JN I 


953.970 


A AO /I TA 

0.03479 


A 1 OO 1 

(J. 1231 


iN I 


(\t''0 AAA 

963.990 


A A 1 /i O 

0.0148 


A r\tzo A 

0.0534 


IN I 


954.020 


A ("AAA A 

0.0094 


0.0607 


In I 


965.041 


A AA/^^C 

U.UUoYo 


A CvfTf* 

U.UOYD 


U I 


CiTI TOO 

971.736 


A A1 o^;t 


A ATOn 

U.U72y 


H I 


ATO COT 

972.537 


A AOAA 


A O 1 O 1 b 

U.olol 


r\ T 
(J I 


y< 0.440 


U.UUoolU 


U.U / UU 


TTT 

III 


y < < .uzu 


U. / DzU 


A /I Q 




yss.o ( 


A AAACCQ 


A OAOI 

U.2U2i 




yofj.DiDiD 


A nnQQ 


c 


O T 
U I 


OQQ 770 
yoo. MO 


A A/ICKA 

U.U400U 


c 


M TTT 

IN III 


y»y. / yy 


U.iUbb 


U.loy2 


Q; IT 
&i II 


yoy.o/o 


A -1 Qon 


c 


H I 


1 no c TOO 

1025.722 


A ATA1 

0.0791 


b 


I 


1025.762 


0.01705 


b c 


C II 


1036.337 


0.1231 


0.2602 


I 


1039.230 


0.009200 


0.0760 


Ar I 


1048.220 


0.26275 


0.0404 


Ar I 


1066.660 


0.06652 


0.0236 


N II 


1083.990 


0.1031 


0.2357 


N I 


1134.165 


0.01342 


0.0692 


N I 


1134.415 


0.02683 


0.085 


N I 


1134.980 


0.04023 


0.1102 



'^Wavelengths and oscillator strengths are 
taken from Morton (1991). The oscillator 
strengths of some lines have been updated 
by D. C. Morton since the time of the pre- 
vious publication; these were obtained from 
Jenkins et al. (2000). 

''Line is contaminated by terrestrial air- 
glow. 

■^Line is blended with the previous tran- 
sition. 



Table A3 

Lines in the FUV Mid-Eclipse Spectrum of UX UMa 



Species 




Aofcs 


EW 


FWHM 


FWZI 




(A) 


(A) 


(A) 


(km s-i) 


(km s-i) 


N IV 


923.2'^ 


924.5 


b 


b 


b 


P IV 


950.7 


950.0 


-50 


2100 


2900 


C III 


977.0 


976.7 


-90 


2600 


4900 


N III 


989.8^ 


992.1 


-69 


2550 


5300 


S III 


1012.5 


1012.8 


-30 


3400 


5300'^ 


H I 


1025.7 


1025.0 


-25 


1600 


4100*^ 


VI 


1031.9,1037.62 


1034.4 


-160 


3300 


5800 


S IV 


1062.7 


1062.9 


-58 


2050 


4900 


S IV 


1073.0 


1073.2 


-58 


2200 


4750 


N ii/He II 


1085.0 


1085.1 


-19 


1750 


3700'' 


Si III 


1108.4^ 


1110.9 


-113^= 


2700 


5500*^ 


Siiv 


1122.5,1128.3 


1124.8 




3600 


6000'' 


?? 




1142.7 


-61.2 


2300 


5200 


C III 


1175.3^ 


1176.0 


-88.0 


1950 


4500^^ 



^This feature is a blend of multiple transitions of the same ion. The 
laboratory wavelength given is for the transition with the largest oscil- 
lator strength in the blend. 

''Measurement uncertain due to line blending or the detector edge. 

'^Equivalent width for this line and the following together. 



